In this work graphene sheets grown by chemical vapor deposition (CVD) with controlled numbers of layers were used as transparent electrodes in organic photovoltaic (OPV) devices. It was found that for devices with pristine graphene electrodes, the power conversion efficiency (PCE) is comparable to their counterparts with indium tin oxide (ITO) electrodes. Nevertheless, the chances for failure in OPVs with pristine graphene electrodes are higher than for those with ITO electrodes, due to the surface wetting challenge between the hole-transporting layer and the graphene electrodes. Various alternative routes were investigated and it was found that AuCl 3 doping on graphene can alter the graphene surface wetting properties such that a uniform coating of the hole-transporting layer can be achieved and device success rate can be increased. Furthermore, the doping both improves the conductivity and shifts the work function of the graphene electrode, resulting in improved overall PCE performance of the OPV devices. This work brings us one step further toward the future use of graphene transparent electrodes as a replacement for ITO.
Introduction
Organic photovoltaics (OPVs) have gained much attention as possible candidates for the generation of clean electricity due to the organic semiconductors' high absorption coefficients, light weight and flexibility, and low-cost, high throughput fabrication methods [1] [2] [3] [4] [5] .
The fact that they can be directly deposited onto various substrates also makes flexible photovoltaic configurations feasible [6] . In optoelectronics devices, indium tin oxide (ITO) has been widely used as a transparent conducting electrode. However, the need for a substitute for ITO is ever increasing due to the limited availability of indium on earth, furthermore, device issues like susceptible ion diffusion into the organic films [7, 8] and mechanical brittleness [9] limit the applicability of ITO in OPVs, especially for flexible photovoltaic devices. Therefore, an ITO-substitute needs to be developed with these characteristics: low-cost, mechanically robust, transparent, and electrically conductive, and ultimately should demonstrate comparable performance to ITO-based photovoltaics.
Here we investigate the application of graphene as a substitute for ITO anodes in OPVs. Graphene is a hexagonal arrangement of carbon atoms forming a one-atom thick planar sheet. This layer is the building block of graphite and carbon nanotubes and it has been studied widely by theorists since the middle of the last century [10, 11] . The successful isolation of single-and few-layer graphene by the mechanical cleaving of highly ordered pyrolytic graphite (HOPG) [12] has led to an explosion of research activities, and significant attention has been focused on their high electron and hole mobility (up to 200 000 cm 2 V −1 s −1 ) [13, 14] , high current carrying capability (up to 3 × 10 8 A cm −2 ) [15] , and high mechanical robustness [16] . Graphene has also been shown to have a uniformly high transparency in the visible and near infrared region and thus can be utilized to form ultra-thin transparent electrodes [17] . Exfoliated graphite or graphite oxide have been considered as possible candidate materials for transparent conducting films (TCFs) [17] [18] [19] . The earlier reported devices were limited by the electrical conductivity of the graphene films: Wang et al [20] used graphene films with ∼0.46 and 1.8 k /sq sheet resistances (30 and 10 nm in thicknesses) and reported power conversion efficiency (PCE) of 0.26% in dye-sensitized solar cells, and Wu et al [21] used graphene films 4-7 nm thick with 100-500 k /sq sheet resistance and showed PCE of 0.4% in bi-layer small molecule OPV cells (active layer: CuPc/C 60 ). More recently, devices using a graphene anode synthesized by chemical vapor deposition (CVD) with improved performances were reported: Wang et al [22] studied polymer blend OPV cells (active layer: P3HT:PCBM), which demonstrated a PCE of 0.21% with a pristine graphene electrode but 1.71% with graphene modified by pyrene butanoic acid succinimidyl ester (PBASE), which is about 55.2% of the PCE from the ITO control device (3.1%); De Arco et al [23] compared solar cells (active layer: CuPc/C 60 ) with CVD graphene and ITO electrodes fabricated on flexible polyethylene terephthalate (PET) substrates and obtained PCE values of 1.18 and 1.27% respectively, with superior performance under bending for the graphene ones.
In this work, we used CVD grown graphene films as the anode for small molecule (CuPc/C 60 ) OPV devices. One challenge that was not discussed in the previous works [20, 21, 23] was the surface wetting property of graphene electrodes with the hole-transporting layer poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonate) (PEDOT: PSS). In conventional OPVs with ITO anodes, PEDOT:PSS not only helps to planarize the rough ITO surface (high anode roughness often creates local shorts through ultra-thin active layers) but also facilitates hole injection and extraction [24, 25] . Even though ITO-based OPV devices fabricated without a PEDOT:PSS interlayer have been reported [26] , we have found that graphene-based OPV devices do not demonstrate photovoltaic behavior without the PEDOT:PSS interfacial layer. Therefore, uniform coverage of PEDOT:PSS on the graphene surface plays a crucial role in the performance of graphene photovoltaic devices. However, the hydrophobic surface of pristine graphene makes uniform and conformal coating of PEDOT:PSS via aqueous solution very challenging. As a result, the success rate of devices with graphene electrodes is only 50-60% compared to devices with ITO electrodes in our studies, and obviously this rate will drop significantly when device area increases. Thus the goal of this work aims at improving the interfacial wetting of the PEDOT layer with the graphene, while achieving as high PCE as possible.
Experimental details
Large area (∼cm 2 ) graphene film, mostly single layered (>95% of the area) (figure 1(a)), was synthesized via low pressure CVD (LPCVD) using copper foil (25 μm in thickness) as a metal catalyst substrate [27] [28] [29] [30] . The asgrown graphene film on Cu was transferred to quartz substrates using poly(methyl methacrylate) (PMMA) [31] [32] [33] . Since the as-grown graphene is mostly single layered, in principle, one can control the number of graphene layers through multiple transfers which results in overall improvements in the conductivity of the graphene electrode: for the OPVs in this report, three-layered graphene sheets were used. The sheet resistance (R sh ) of graphene on quartz substrates can be varied from 500 to 300 /sq and transmittance from 97.1% to 91.2% for 1-3-layered graphene sheets (figure 1(b)). As shown in figure 1(b), the optical transparency of our graphene sheet agrees quite well with the measurement performed by Nair et al [34] where each graphene layer was reported to have approximately 2.3% opacity. This result confirms that our Cu grown graphene layers are monolayer and the multiple transfer steps are successful to maintain the integrity of the graphene layers. Figure 2 shows the device structure used in this work. Three generations of devices (∼300 devices) were fabricated and investigated, with multiple batches of devices made in each generation for repeated testing to confirm the consistency of the behaviors.
In every batch, the For the devices with graphene electrodes, first, three-layer graphene films are transferred onto quartz substrates and lithography steps are used to achieve the same pattern as the ITO electrodes. Afterward, either the same coatings of PEDOT:PSS are applied (for devices in generations II and III, and some in generation I) or an equivalent PEDOT layer is coated (for other devices in generation I). The following active layer and cathode deposition steps are carried out side by side with the ITO reference electrodes in each batch. The measurements were carried out under simulated AM1.5G (100 mW cm −2 ) solar illumination in a nitrogen-filled glove box. Figure 3 shows the J -V characteristics of a representative set of devices, with the numerical values summarized in table 1 (short-circuit current density (J SC ), open-circuit voltage (V OC ), fill factor (FF), and power conversion efficiency (PCE)) from each type of device. The conventional OPV devices have the PEDOT:PSS as the hole-transporting layer. For devices fabricated with ITO electrodes, O 2 plasma treatment is typically used to improve wettability of PEDOT:PSS on ITO, as it is well known that O 2 plasma treatments render hydrophobic surfaces into hydrophilic ones by introducing hydroxyl (OH) and carbonyl (C=O) groups [35] . However, active oxygen species disrupt the aromatic rings of graphene and greatly reduce the conductivity. In the case of a single layer graphene electrode, the graphene can lose conductivity completely after such plasma treatments. Therefore, in generation I, we tried different ways of improving the wettability of PEDOT on the graphene surface by synthesizing hydrophobic PEDOT solutions via two different routes: (1) dissolving and mixing the PEDOT:PSS solution with organic solvents such as dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), isopropyl alcohol, N-methylpyrrolidone (NMP) [36, 37] , or (2) replacing the PSS derivative with poly(ethylene glycol) (PEG) doped with perchlorate (PC) or para-toluenesulfonate (PTS) [38] . Mixing with organic solvents is commonly used to improve the conductivity of the doped PEDOT thin film, but additionally it renders the PEDOT:PSS solution more hydrophobic, thus yielding better wetting of the graphene surface. Replacing PSS with PEG, which polymerizes the PEDOT with PEG, makes the PEDOT soluble in hydrophobic solvents such as nitromethane (CH 3 NO 2 ), thus enabling wetting of PEDOT on hydrophobic graphene surfaces. PEDOT:PEG is also much less corrosive than PEDOT:PSS at the electrode interface since PSS itself is a very strong acid. In table 1, under generation I, the results of two such examples are presented (device types IC and ID) together with the data from ITO references (IA), and graphene electrode devices with conventional PEDOT:PSS (IB) are listed for comparison (their J -V characteristics are shown in figure 3(a) ). All of the newly synthesized PEDOT solutions yield uniform coating on hydrophobic graphene films, as a result, the improved interface (and increased conductivity in some cases) resulted in improvements in J sc in some types of devices (see, device types IC and ID in table 1 and figure 3(a) ). However, possible mismatch of the work function for the new compounds (or the same compound by different processing) caused overall decrease in V oc and FF which offset the benefit of increase in J sc . Furthermore, most of the modified PEDOTs with aforementioned methods were observed with pronounced leakage currents (i.e. reduced shunt resistance) (see figure 3(a) ), which is also detrimental to the device performance. We also tried the non-covalent modification of the graphene films with PBASE as described by Wang et al [22] to improve the PEDOT wettability on graphene. However, this modification showed no significant improvements in the performance of our graphene-based OPVs. The reason for this is not yet understood.
Results and discussion
As a result, in generations II and III, only devices with conventional PEDOT:PSS layers via aqueous solution were investigated. As mentioned previously, although both the represented data from the ITO (reference) and pristine graphene electrodes are listed in table 1, it is to be noted that the OPVs with pristine graphene electrodes have higher failure rate than the ones with ITO electrodes. For devices in generations II and III, the thicknesses of the active layers and the cathode were further optimized, as a result, the PCE of the ITO references were noticeably enhanced themselves. A further improvement of the ITO references (and also the OPVs with pristine graphene electrodes) in generation III as compared to the ones in generation II was achieved from an additional O 2 plasma treatment which was carried out after coating the PEDOT:PSS layer (the comparison of the J -V characteristics of these two types of devices is shown in figure 3(b) ). This treatment possibly modifies the surface electronic structure and thus improves charge carrier collection at the anode [39] . When comparing the devices having pristine graphene electrodes with the ITO reference devices in generations II and III (in fact, also generation I), it can be seen from table 1 that the overall performance of the ones with graphene electrodes is still less than those with ITO electrodes. This is likely due to the still much higher R sh of the graphene electrode (R sh : 300 /sq) which results in higher series resistance for the solar cell device than for the ITO electrode (R sh : 20 /sq). Therefore, we tried to use chemical doping to reduce the graphene sheet resistance. It was found that the p-type chemical doping of the graphene films significantly improves the device performance. Figure 3(c) shows the J -V characteristics of devices with graphene electrodes in all three generations. Particularly, for devices in generation II, the doped graphene devices perform even better than the ITO references. Figure 3(d) compares the best performances of devices with ITO electrodes and graphene electrodes, and it can be seen that the graphene electrode devices are really comparable to the ones with ITO electrodes. The doping was carried out with AuCl 3 in nitromethane (10 mM). Recently, Kim et al [40] reported that AuCl 3 doping on graphene films resulted in up to 77% decrease in R sh with only 2% decrease in transmittance. For devices in this work, AuCl 3 solution (filtered by 0.2 μm PTFE filters from VWR International) is spin-coated on patterned graphene electrodes and annealed at 210
• C for 1 min to remove residual nitromethane. The improved performances are likely due to the reduced sheet resistance of the graphene electrodes and the tuning of the work function as a result of the doping [41] . More importantly, we have found that the doping solves the aforementioned wetting problem: the graphene electrodes become hydrophilic and a uniform coating of the PEDOT:PSS layer can always be achieved. This significantly enhances the device success rate for the OPVs with doped graphene electrodes in generation II. At the same time, a consistent improvement in PCE is always observed for these doped graphene electrode devices. However, for the devices in generation III, only ∼10% of the time there was a clear improvement in the AuCl 3 doped graphene-based devices as compared to pristine graphenebased devices. One possible reason for the inconsistency could be the formation of various sizes of Au nanoparticles on the graphene films due to doping (the particle size varies from 10 to 100 nm in diameter) [40] . Under exposure to O 2 plasma, there could be slight etching of the PEDOT:PSS layer and the larger Au particles could be exposed and become a source of local shunts, which counteract the benefits of the doping effect on graphene films. Other doping agents such as SOCl 2 [42] or HNO 3 [43] have been used to p-type dope the graphene and these do not cause particle deposition on the graphene surface; however, these agents have long term stability issues [42, 43] and were not considered in this work. For a future step, either a different chemical dopant, which does not have either of the problems (i.e. particle deposition or stability issues), or improved processing steps, which can overcome these issues, need to be identified.
Conclusion
In conclusion, in this work we investigated CVD grown graphene electrodes as transparent electrodes in OPV cells. For devices with pristine graphene electrodes, the overall performance is comparable, but slightly inferior, to their counterparts with ITO electrodes, possibly due to the higher sheet resistance which still needs to be improved. In addition, as the pristine graphene electrodes are hydrophobic and a uniform coating of the PEDOT:PSS layer cannot be achieved, the device success rates are noticeably lower than the devices with ITO electrodes, and the device area has to be limited to guarantee a certain number of successful devices. As a result, a significant amount of effort in this work was devoted to finding ways to improve the surface wetting between the graphene electrode and the PEDOT:PSS hole-transporting layer. It was found that AuCl 3 doping significantly improves the graphene OPV device performance, but also improves the surface wetting of the graphene electrodes, thus the device success rates are improved. This work further advances the effort to use graphene as an ITO-substitute in the future.
